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We discover that chiral symmetry does not act as an infrared attractor of the renormalization
group flow under the impact of quantum gravity fluctuations. Thus, observationally viable quantum
gravity models must respect chiral symmetry. In our truncation, asymptotically safe gravity does,
as a chiral fixed point exists. A second non-chiral fixed point with massive fermions provides a
template for models with dark matter. This fixed point disappears for more than 10 fermions,
suggesting that an asymptotically safe ultraviolet completion for the standard model plus gravity
enforces chiral symmetry.
INTRODUCTION
An observationally viable model of quantum gravity
must be compatible with the existence of matter and
all its low-energy properties. This supplies observa-
tional tests for quantum gravity, as particular assump-
tions about quantum spacetime could be in conflict with
low-energy observations. The specific fact that we fo-
cus on is the existence of light, chiral fermions. In the
Standard Model, chiral symmetry forbids a microscopic
fermion mass term mψψ¯ψ. Fermion masses are generated
from Yukawa interactions with the Higgs, and through
chiral symmetry breaking in QCD for the quarks. Thus,
fermion masses only emerge at scales far below the Planck
scale. Here, we explore the interplay between quantum
gravity and chiral symmetry, finding indications that chi-
ral symmetry is a nontrivial observational constraint on
models of quantum gravity: The fermion mass remains a
Renormalization-Group (RG)-relevant coupling even un-
der the impact of gravitational fluctuations. Thus, if
chiral symmetry was broken above the Planck scale, it
would not be restored automatically by the RG flow to-
wards low energies, as it would for an irrelevant coupling.
Accordingly, if chiral symmetry is broken in the ultravio-
let (UV), the symmetry-violating effects are expected to
generically grow towards low energies, typically leading
to large fermion masses. As a specific illustration, we will
focus on asymptotically safe quantum gravity [1], before
analyzing models of quantum gravity from an effective-
field-theory point of view.
NON-MINIMALLY COUPLED FERMIONS IN
GRAVITY
We analyze the RG scale dependence of the fermion
mass under the impact of quantum-gravity fluctuations.
We focus on its scaling dimension, which is RG relevant
according to canonical counting in the free theory. If
quantum fluctuations of spacetime cannot render it irrel-
evant, then it is expected to grow towards the infrared
(IR). In this scenario, the appearence of chiral symme-
try at low energies would either be impossible or re-
quire severe fine-tuning, unless the microscopic model of
quantum gravity contained a mechanism to impose ex-
act chiral symmetry. Crucially, the RG flow generates all
terms that are compatible with the symmetries. Thus,
once chiral symmetry is broken by a mass term, further
non-chiral interactions are generated. Within the corre-
sponding infinite-dimensional space of couplings, a sort-
ing principle is provided by the canonical dimensionality
of couplings. Perturbatively, only those couplings with
vanishing or positive mass dimensionality can be rele-
vant, i.e., can survive at low energies. Quantum-gravity
effects could shift perturbatively slightly irrelevant cou-
plings into relevance. For instance, in asymptotically safe
gravity the relevant operators include several dimension-
4-operators. Nonetheless, the departure from canonical
scaling appears to be small and the canonical dimension-
ality remains a useful guiding principle, see, e.g., [2–6].
Thus, we analyze a truncated effective dynamics for Nf
fermions containing all fermion bilinears with canonical
dimensionality ≤ 5, i.e., including couplings with dimen-
sionality ≥ −1
Γk = Γgrav + iZψ
∫
d4x
√
g ψ¯i /∇ψi + im¯ψ
∫
d4x
√
gψ¯iψi
+ iξ¯
∫
d4x
√
gRψ¯iψi + iζ¯
∫
d4x
√
gψ¯i∇2ψi. (1)
Herein, Γk is the scale-dependent effective action that
contains the effect of quantum fluctuations with mo-
menta above k, only. In quantum gravity, the introduc-
tion of a scale relies on a dynamically generated back-
ground metric g¯µν . For the covariant derivative of the
fermions we use the spinbase invariant formalism [7, 8].
The kinetic term features a chiral U(Nf )L×U(Nf )R sym-
metry, under which left- and right handed fermions trans-
form separately. This symmetry is broken explicitly to a
global U(Nf ) flavor symmetry by the mass term and the
non-minimal interactions.
We employ the functional Renormalization Group [9]
that is well-suited to trace fixed points away from the
critical dimensionality of a given model and discover
asymptotic safety, see, e.g., [10]. The Wetterich equation
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2FIG. 1. Three diagrams drive the RG flow in the fermionic
couplings. For the two-vertex diagram, the regulator inser-
tion, denoted by a crossed circle, can be found on either of
the internal propagators. Curly lines denote the metric prop-
agator and dashed lines the fermions.
governs the momentum-scale dependence of the effective
dynamics, encoded in Γk [9],
∂tΓk =
1
2
STr
[
(Γ
(2)
k +Rk)
−1∂tRk
]
, (2)
with ∂t = k∂k, see also [11, 12]. In Eq. (2), Rk(∆) is
an IR regulator that provides a momentum-shell wise
integration of the path integral: IR-modes for which
the generalized “momentum” ∆ < k2 are suppressed.
The supertrace STr implements a summation/integration
over the discrete/continuous eigenvalues of the field-
dependent regularized propagator (Γ
(2)
k + Rk)
−1. The
STr reduces to a sum over Lorentz and internal indices
and a momentum integration for the case of a flat back-
ground, where ∆ → p2 (in the absence of gauge fields),
with an additional negative sign for fermionic fields. For
further details, see [20], for reviews [13–19] and specif-
ically for gravity [21], following Reuter’s seminal work
[22].
To set up the RG flow for gravity, we use the back-
ground field method [23] and split the metric into back-
ground and fluctuation
gµν = g¯µν +
√
16piGhµν . (3)
We work with the Einstein-Hilbert action
Γgrav =
−1
16piG
∫
d4x
√
g
(
R− 2λ¯)+ Sgf , (4)
with a gauge fixing term Sgf =
1
32piα
∫
d4x
√
g¯g¯µνFµFν
with Fµ =
(
δλµD¯
κ − 14 g¯κλD¯µ
)
hκλ and gauge parameter
α = 0. The Renormalization Group flow for a Litim-type
regulator [24], appropriately chosen for fermions [25], in
the fermionic sector is driven by two diagrams, cf. Fig. 1.
We use dimensionless couplings and normalize the ki-
netic term to its canonical form, obtaining
m¯ψ = Zψmψk, ξ¯ = Zψ
ξ
k
, ζ¯ = Zψ
ζ
k
,
G =
g
k2
, λ¯ = λ k2. (5)
RESULTS: ASYMPTOTIC SAFETY WITH
HEAVY AND LIGHT FERMIONS
In asymptotically safe gravity, a UV completion of the
low-energy effective field theory for the metric is pro-
vided by an interacting fixed point of the RG flow, gen-
eralizing the powerful concept of asymptotic freedom to
a quantum-gravitational setting. Previous results indi-
cate that chiral symmetry is not broken spontaneously by
asymptotically safe gravity [26–28]. Here, we go one step
further and consider explicit breaking terms. We discover
two asymptotically safe fixed points. Both provide a vi-
able generalization of the well-known pure-gravity fixed
point [2, 3, 22, 29], cf. Tab. I. Towards the IR, the RG
flow stays within the critical surface of an UV fixed point,
if it is fine-tuned to that surface in the UV. This happens
automatically, if the flow is set to start at an UV fixed
point. On the other hand, UV-relevant directions in the
space of couplings are IR-repulsive. This will be decisive
for the status of chiral symmetry in quantum gravity.
We define the critical exponents as minus the eigenvalues
of the stability matrix such that UV-relevant directions
have θ > 0,
θI = −eig
(
∂βgi
∂gj
)
gn=g∗n
, (6)
where gi = (g, λ,mψ, ξ, ζ)i.
As expected due to the preservation of global symme-
tries in the Wetterich equation, one of the fixed points is
governed by an enhanced chiral symmetry and thus en-
forces a vanishing fermionic mass term at the microscopic
level, reproducing the fixed point discussed in detail in
[30]. Here, we discover that it features three relevant
directions, if we allow non-chiral fluctuations. Further,
ξ and ζ align quite well with the irrelevant directions.
Thus, both of these couplings are automatically forced to
remain zero also in the IR. On the other hand, the mass
operator is UV-relevant. For the RG flow towards the IR,
our results thus indicate that reaching the chirally sym-
metric regime requires the tuning of parameters, i.e., chi-
ral symmetry does not act as an infrared attractor. Thus,
chiral symmetry is not an IR emergent phenomenon in
asymptotic safety, which would have guaranteed the exis-
tence of light fermions. However, if chiral symmetry is an
exact symmetry of the microscopic theory, it remains un-
affected by gravity fluctuations in the asymptotic-safety
scenario. Hence, asymptotic safety is compatible with the
existence of light fermions.
The second fixed point is fully interacting and features
a nonvanishing fermion mass, cf. Tab. I, generically also
resulting in a finite mass in the IR. It again exhibits three
relevant directions. The third relevant direction at the
non-chiral fixed point is a non-trivial superposition of
the fermionic couplings. In particular, this fixed point
cannot be discovered in smaller truncations with ξ = 0,
whereas it appears in truncations with mψ = 0. Both
3fixed point symmetry for fermions g∗ λ∗ mψ ∗ ξ∗ ζ∗ ηψ θ1 θ2 θ3 θ4 θ5
chiral non-Gaußian chiral 2.52 -0.42 0 0 0 -0.17 3.54 1.34 0.84 -0.73 -1.27
chiral non-Gaußian chiral 2.52 -0.42 0 – – -0.17 3.54 1.34 0.84 – –
chiral non-Gaußian chiral 2.52 -0.42 – 0 – -0.17 3.54 1.34 – -0.69 –
chiral non-Gaußian chiral 2.52 -0.42 – – 0 -0.17 3.54 1.34 – – -1.30
non-Gaußian none 1.00 -0.27 1.01 1.10 -2.49 -0.56 3.65 1.66 0.59 -2.50 ± i 1.60
non-Gaußian none 2.52 -0.41 – 0.74 – -0.15 3.54 1.37 ± i 0.04 – –
TABLE I. We show the fixed-point values and critical exponents at the chiral non-Gaußian fixed point, as well as at the
non-Gaußian fixed point which explicitly breaks chiral symmetry. For results in smaller truncations missing couplings and
exponents are denoted by a “–”.
fixed points conform to our expectation that the canoni-
cal dimensionality provides guidance to estimate whether
a coupling is relevant at an interacting fixed point.
Accordingly asymptotic safety does not restrict the na-
ture of fermions, as there are interacting fixed points with
broken and unbroken chiral symmetry. For the latter, the
mass can remain zero on all scales. Thus, the asymptotic-
safety scenario is robust under the inclusion of chiral as
well as non-chiral fermion fluctuations.
Several light and heavy fermions
Here, we focus on the properties of the non-chiral fixed
point as a function of Nd non-chiral fermions, cf Fig. 2,
as the chiral fixed point has already been analyzed in
[30–32]. The fixed-point values and critical exponents
depend on Nd, but stay bounded until the fixed point
disappears into the complex plane at Nd ≈ 10. There
is no obvious indication of a breakdown of our trunca-
tion. Accordingly, we tentatively interpret our results as
a hint that nonchiral fermions are only compatible with
asymptotic safety for small fermion numbers. Already
at Nd ' 3, the nature of the fixed point changes, as it
becomes less predictive and exhibits two further relevant
directions. Thus, the non-chiral fixed point cannot be
continued with real couplings up to Nd = 22.5, which is
the number of fermions in the standard model. If this
property persists in more extended approximations and
under the inclusion of further matter fields, as in [30, 31],
this provides a strong link between particle physics and
gravity: If quantum gravity is an asymptotically safe field
theory, the fermionic content of the standard model –
or of any grand unified theory with a large number of
fermions – has to be chiral.
UV complete dark matter models
As we observe two fixed points, one that preserves
chiral symmetry and one that does not, an intriguing
scenario is conceivable that could provide a UV comple-
tion for fermionic models of dark matter [33, 34]: Of
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FIG. 2. We show fixed-point values (upper panel) and critical
exponents (lower panel) as a function of Nd.
the Nf + Nd fermions, a subset of Nf fermions is de-
scribed by a chirally symmetric fixed point. On the other
hand, Nd fermions feature a nonvanishing microscopic
mass and a nonzero nonminimal coupling. Their mass
is not restricted by the symmetry of the microscopic ac-
tion, and is a UV-relevant direction of the non-chiral fixed
point, and can thus be chosen freely in the IR. The Nd
fermions should be uncharged under the gauge groups
of the standard model, whereas the Nf fermions should
have standard-model-like charges. Accordingly, the Nd
massive fermions would interact only weakly (namely
only through quantum-gravity induced interactions, e.g.,
of the type discussed in [4]), and might become candi-
dates for dark matter. To test the viability of this excit-
ing scenario goes beyond the scope of this paper, so to
exemplify our idea, we explore a toy model with Nf = 1
4and Nd = 1, which features a fixed point at
g∗ = 1.36,
ζ∗d = −1.81,
ηψ,d = −0.38,
λ∗ = −0.44,
m∗f = 0,
ηψ,f = −0.09.
m∗d = 0.59,
ξ∗f = 0,
ξ∗d = 0.97,
ζ∗f = 0,
(7)
The set of critical exponents features just four relevant
ones, corresponding exactly to the number of relevant
operators in the system (
√
gR,
√
g,
√
gψ¯fψf ,
√
gψ¯dψd):
θ1 = 3.74,
θ5 = −0.86,
θ2 = 1.66,
θ6 = −1.14,
θ3 = 0.92, θ4 = 0.46,
θ7,8 = −1.20± i 1.92.
(8)
Although all the non-chiral couplings are set to zero for
the light fermion, its fluctuations affect the running of
g and λ, and thereby shifts the fixed-point values for
the complete system, including those for the non-chiral
couplings of the dark fermion. Whether such a model
can reproduce the correct relic density of dark matter
fermions, and is consistent with all current exclusion lim-
its on fermionic dark matter [35], is an important ques-
tion, but beyond the scope of the present work.
CONSEQUENCES FOR QUANTUM GRAVITY
Broadening the scope of our work, we consider models
of quantum gravity beyond asymptotic safety. Typically,
these models are not formulated in terms of a local con-
tinuum quantum field theory for the metric, as we em-
ploy here. However, any viable model of quantum gravity
must reduce to Einstein gravity in the low-energy regime.
Thus, there is a scale ktrans at which one can translate
from the microscopic model to an effective description
in terms of a local model of metric fluctuations, and ar-
rive at the low-energy effective field theory for quantum
gravity, see, e.g., [36]. Intuitively, this is analogous to the
translation between, e.g., a microscopic condensed mat-
ter model of, e.g., electronic interactions, and the effec-
tive description in terms of emergent low-energy degrees
of freedom, e.g., phonons. The microscopic model then
provides the values of all couplings in the effective de-
scription at the scale ktrans. In the RG language, this de-
termines a starting point in theory space at ktrans for the
RG flow towards the IR. However, from a generic point
in theory space, we cannot reach the subspace in which
chiral symmetry would be restored. This follows, as the
stability matrix for that case, −∂βgi/∂gj , ~g = (mψ, ξ, ζ)
features at least one positive, i.e., IR-repulsive eigenvalue
for all values of g ∈ (0, 30) and λ ∈ (−2, 0.4). Accord-
ingly, any microscopic model for which the fermion mass
and further chiral-symmetry breaking effects do not van-
ish exactly at ktrans will generically feature rather large
fermion masses of the order of ktrans in the IR. Thus, a
quantum gravity model that cannot enforce chiral sym-
metry at the microscopic level will not exhibit emergent
chiral symmetry in the infrared. In other words, these
models will not be compatible with the existence of light
fermions as those in the standard model. Our result high-
lights that once lost, chiral symmetry is not an emergent
symmetry of the RG flow to the infrared in the effective
theory regime. In fact, this could present a severe restric-
tion of quantum gravity models based on a discrete space-
time, see, e.g., [37, 38]: Under certain assumptions, chi-
ral fermions do not exist on a regular lattice [39–41]. To
circumvent this, the lattice Dirac operator should satisfy
the Ginsparg-Wilson relation [42], implying the existence
of a continuous symmetry [43]. Thus, chiral symmetry
does not emerge in the continuum automatically, but re-
quires the microscopic dynamics to obey a discrete ver-
sion of this symmetry. Our results imply that quantum
fluctuations of the spacetime do not remove the need for
fine-tuning in order for chiral symmetry to emerge. This
might in the future be tested in explicit Monte Carlo
simulations of discrete quantum gravity [44–47].
Thus the observational fact that light fermions exist
can be translated into a requirement for any microscopic
model of quantum gravity: Whatever the exact form of
the dynamics, chiral symmetry must be built into the
model for those degrees of freedom that end up being
Standard Model fermions at low energies.
CONCLUSIONS
We highlight how the low-energy properties of matter
can impose nontrivial observational constraints on quan-
tum gravity models. In particular, we exploit the exis-
tence of light fermions, that is tied to chiral symmetry,
and study the interplay of chiral symmetry with quan-
tum gravity. We discover that chiral symmetry does not
act as an infrared attractor, i.e., quantum gravity fluctu-
ations prevent the emergence of chiral symmetry in the
RG flow towards the infrared. Thus, viable models of
quantum gravity must have chiral symmetry built in at
the microscopic level. As a specific example, asymptot-
ically safe gravity features two UV fixed points, which
provide UV completions for quantum gravity: One of
them features chiral symmetry, and is compatible with a
vanishing fermion mass on all scales. The second fixed
point, with broken chiral symmetry, disappears into the
complex plane for more than ten fermion species. Thus,
the chiral nature of fermions in the Standard Model
might be enforced by asymptotic safety. Finally, we
also discover fixed points with Nf chiral and Nd massive
fermions, which might provide a template for an asymp-
totically safe model of Standard Model matter and mas-
sive, fermionic dark matter.
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